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ABSTRACT 43 
Understanding spatiotemporal variation of PM1 (mass concentrations of particles with 44 
aerodynamic diameter < 1 µm) is important due to its adverse effects on health, which is 45 
potentially more severe for its deeper penetrating capability into human bodies compared 46 
with larger particles. This study aimed to quantify the spatial and temporal distribution of 47 
PM1 across China as well as its ratio with PM2.5 (< 2.5 µm) and relationships with 48 
meteorological parameters in order to deepen our knowledge of the drivers of air pollution in 49 
China. Ground-based monitoring PM1 and PM2.5 measurements, along with collocated 50 
meteorological data, were obtained from 96 stations in China for the period from November 51 
2013 to December 2014. Generalized additive models were employed to examine the 52 
relationships between PM1 and meteorological parameters. We showed that PM1 53 
concentrations were the lowest in summer and the highest in winter. Across China, the 54 
PM1/PM2.5 ratios ranged from 0.75 to 0.88, reaching higher levels in January and lower in 55 
August. For spatial distribution, higher PM1/PM2.5 ratios (>0.9) were observed in North-56 
Eastern China, North China Plain, coastal areas of Eastern China and Sichuan Basin while 57 
lower ratios (<0.7) were present in remote areas in North-Western and Northern China (e.g., 58 
Xinjiang, Tibet and Inner Mongolia). Higher PM1/PM2.5 ratios were observed on heavily 59 
polluted days and lower ratios on clean days. The high PM1/PM2.5 ratios observed in China 60 
suggest that smaller particles, PM1 fraction, are key drivers of air pollution, and that they 61 
effectively account for the majority of PM2.5 concentrations. This emphasised the role of 62 
combustion process and secondary particle formation, the sources of PM1, and the 63 
significance of controlling them.  64 
 65 
Capsule: Smaller particles, PM1 fraction, are key drivers of air pollution in China accounting 66 
for the majority of PM2.5 concentrations. 67 
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1. Introduction 69 
 70 
The past two decades witnessed unprecedented economic growth of China, with expansion in 71 
all sectors of industry, transport and energy generation (Wang et al., 2014a; Zhang and Cheng, 72 
2009). The downside of this growth has been a significant increase in emissions of air 73 
pollutants, leading to severe and persistent air pollution over the country (Chen et al., 2013; 74 
Guo et al., 2011; Zhang et al., 2010). While the problem has been recognised, questions still 75 
remain as to the best and most efficient ways of curbing it. To address these questions, it is 76 
necessary to develop a good understanding of the most significant drivers of air pollution in 77 
China.  78 
 79 
There have been many pollutants investigated in China, most of which are linked to specific 80 
urban and rural sources, including gaseous pollutants and particulate matter (PM) (Guo et al., 81 
2006; He et al., 2002; Jin et al., 2016; Secrest et al., 2016). PM is an especially complex 82 
pollutant, with particles ranging in sizes across several orders of magnitude, and particle size 83 
depending on the source of emissions or particle formation processes in the atmosphere. So 84 
far, worldwide, mainly PM2.5 and PM10 (mass concentrations of particles with aerodynamic 85 
diameter < 2.5 and 10 µm, respectively), have been routinely monitored. Earlier studies 86 
demonstrated associations between these particle mass size fractions and health (Chen et al., 87 
2017c; Guo et al., 2010; Guo et al., 2016; Kan et al., 2007), and provided basis for 88 
formulation of health guidelines and national standards (Krzyzanowski and Cohen, 2008; 89 
WHO, 2005). These studies were possible in the first instance due to availability of 90 
technologies for PM2.5 and PM10 measurements, and at the time there were no reliable or 91 
robust technologies for measuring smaller PM size fractions, in particular PM1 (mass 92 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
5 
 
concentrations of particles with aerodynamic diameter < 1 µm). Over the years, however, 93 
measurement techniques have improved, and it is now possible to perform more widespread 94 
PM1 measurements.  95 
 96 
Unlike PM2.5 and PM10, PM1 originates almost entirely from two sources: direct emissions 97 
during combustion process, and indirectly, from formation of particles in the air from gaseous 98 
precursors (Rajput et al., 2016; Singhai et al., 2016). By contrast, PM10 is mostly emitted by 99 
mechanical processes, such as construction activities, or by wind re-suspension (of for 100 
example loose soil). PM2.5 can be dominated by either of these sources (combustion/particle 101 
formation or mechanical), and therefore relationships between these particle fractions vary 102 
locally and regionally, and knowledge of them can provide an insight into the contributing 103 
sources (Morawska et al., 2008). This is of further importance considering the impacts of 104 
PM1 on health, which could be more significant than the impacts of larger particles because 105 
smaller particles can be inhaled deeper into the lung, and also contain most of the 106 
combustion-related toxins (Liu et al., 2013; Meng et al., 2013). The spatial and temporal 107 
variations of PM2.5 and PM10 have been previously reported in heavily polluted regions and 108 
provincial cities in China (Hu et al., 2014; Wang et al., 2014b), however, knowledge about 109 
the distribution of PM1 is very limited. Recent studies have found the association between 110 
exposure to ambient PM1 pollution and increased hospital emergency visits and 111 
cardiovascular mortality (Chen et al., 2017b; Lin et al., 2016). These studies suggested most 112 
the effects of PM1 on health may come from PM2.5. Moreover, exposure to PM1 may have 113 
more extensive toxic effects than PM2.5 (Zou et al., 2017).  114 
 115 
Capitalizing on the advancements in PM1 measurement technologies, to deepen knowledge 116 
on the nature of air pollution in China, a large scale PM1 monitoring campaign was conducted 117 
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across China. The aim of our study was to analyse these data in order to quantify the spatial 118 
distribution of PM1 across China as well as its relationships with meteorological parameters. 119 
 120 
2. Materials and Methods 121 
 122 
2.1. Ground PM1 and PM2.5 measurements  123 
Ground-based measurements of PM1 and PM2.5 were obtained from the China Atmosphere 124 
Watch Network (CAWNET) of the China Meteorological Administration (CMA) (Zhang et 125 
al., 2008). The network consisted of 96 stations located in 73 cities of 29 provinces or 126 
municipalities (except for Qinghai province and Tianjin) in mainland China. The locations of 127 
the stations are shown in Figure 1. Most of the stations were located in Eastern and Southern 128 
China, especially in the South-Eastern coastal areas. In several metropoles like Beijing, and 129 
Guangzhou, there were multiple stations. There were fewer stations in less densely populated 130 
areas in Western and Northern China.  131 
 132 
Hourly concentrations of PM1 and PM2.5 during the period from November 1st 2013 to 133 
December 31th 2014 at all stations were measured with GRIMM Aerosol Spectrometer 134 
(Model 1.108, Grimm Aerosol Technik GmbH, Ainring, Germany). The instrument is an 135 
optical particle counter (OPC), which records particle counts in 31 size channels at a flow 136 
rate of 1.2L/min, and measures particle distribution. These data are then recalculated into 137 
real-time PM2.5 and PM10 mass concentration values according to a density factor related to 138 
the “urban environment” factor established by GRIMM. The measurements of PM1, PM2.5 139 
and PM10 have been regulated by CMA. (http://www.csres.com/notice/48188.html). The data 140 
provided to us by the CAWNET were gravimetric equivalent PM1 and PM2.5 values. Two 141 
quality-control procedures have been applied to all hourly PM measurements: a "limit check" 142 
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and "climatological check" (Guo et al., 2017; Guo et al., 2009). For the limit check, we 143 
checked each valid PM measurement to determine whether it falls within its possible limits, 144 
otherwise, they will be removed. In the climatological check, the median and standard 145 
deviation (SD) of hourly PM measurements were calculated at each PM observational site. 146 
Any PM values lying outside of more than three SDs from the median PM have been 147 
removed. Although the PM1 and PM2.5 were not measured with Tapered Element Oscillating 148 
Microbalance (TEOM) method ( a standard method used by China EPA), the measurements 149 
of PM2.5 with these two methods are in good agreement (Grimm and Eatough, 2009). 150 
 151 
2.2. Meteorological data  152 
Meteorological data used in this study were obtained from the China meteorological data 153 
sharing service system operated by the China Meteorological Administration 154 
(http://data.cma.gov.cn). In this dataset, daily measurements of five meteorological 155 
parameters, including temperature, relative humidity, atmospheric pressure, wind speed and 156 
hours of sunshine, are available from 839 weather stations across China.  157 
 158 
2.3. Statistical analysis 159 
Daily average concentrations of PM1 and PM2.5 were calculated for each ground monitoring 160 
station and linked with meteorological data from the nearest weather station. Descriptive 161 
analyses were performed to assess the geographical distributions and monthly trends of PM1 162 
and PM2.5. The PM1/PM2.5 ratios were calculated for each province in different seasons and 163 
on days with different pollution levels. PM1 air pollution was divided into four levels (clean, 164 
lightly polluted, moderately polluted and heavily polluted) according to the quartiles of daily 165 
concentration of PM1 of each station during the study period. 166 
 167 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
8 
 
Generalized additive models (GAMs) were employed to examine the associations between 168 
PM1 concentrations and meteorological factors through multivariate models (Wood, 2004). A 169 
flexible penalised spline was used to capture the potential non-linear associations between 170 
PM1 and meteorological variables. Additionally, we adjusted for the potential seasonal 171 
differences in PM1 variations and differences between stations in all models. The best GAM 172 
was selected depending on its generalized cross-validation (GCV) index. The final GAM is 173 
shown as following: 174 
 175 
PM1ij = s(TEMP) + s(RH) + s(AP) + s(WS) + s(SH) + station + s(month) 176 
 177 
where PM1ij is the PM1 on day i at station j; s(TEMP), s(RH), s(AP), s(WS) and s(SH) are 178 
mean temperature, relative humidity, atmospheric pressure, wind speed and hours of sunshine 179 
on day i fitted with penalised splines (degrees of freedom were selected by GAM 180 
automatically), respectively; station is a categorical variable indicating the ID number of each 181 
ground monitoring station; s(month) is the calendar month fitted with penalised splines 182 
(degree of freedom was selected by GAM automatically). 183 
 184 
The associations between PM1 and meteorological variables were expressed as units of 185 
increased or decreased PM1 associated with changes in meteorological variables. The 186 
corresponding confidence intervals, which revealed the uncertainties of estimates in GAM, 187 
were calculated with a Bayesian approach (Bayesian component-wise variable width intervals) 188 
(Marra and Wood, 2012). The final GAM was robust to a range of sensitivity analyses 189 
including changing the degrees of freedom for meteorological factors (3 to 6 degrees of 190 
freedom) and adding other variables (e.g., day of week). All statistical calculations were 191 
performed with R software version 3.2. The “mgcv” package was used to perform GAMs. 192 
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 193 
3. Results 194 
 195 
3.1. Descriptive statistics 196 
The geographic distributions of PM1 and PM2.5 concentrations are shown in Figure 1. Overall, 197 
the mean concentrations of PM1 and PM2.5 for 96 stations during the period from November 198 
2013 to December 2014 were 41.9 µg/m3 (range from 4.8 to 84.0 µg/m3) and 50.6 µg/m3 199 
(range from 5.5 to 97.2 µg/m3), respectively. Among all monitoring stations, Diqing in 200 
Yunnan Province had the lowest PM1 and PM2.5 levels, with mean concentrations of 4.8 201 
µg/m3 and 5.5 µg/m3, respectively, while Shijiazhuang in Hebei Province had the highest 202 
levels, with mean concentrations of 84.0 µg/m3 and 97.2 µg/m3, respectively. A summary of 203 
descriptive statistics for each station is shown in Table S1 in the Supplementary Material. 204 
The stations located in remote areas in Southern and South-Western parts of China, including 205 
Hainan, Yunnan and Tibet Provinces, had low levels of PM1 and PM2.5 (PM1 <17 µg/m3 and 206 
PM2.5 <20 µg/m3), while stations located in Central-Northern and North-Eastern part of China 207 
including Shaanxi, Hebei and Liaoning Provinces had high levels of PM1 and PM2.5 (PM1 >68 208 
µg/m3 and PM2.5 >80 µg/m3). Stations in Central-Southern, Central-Eastern and coastal areas 209 
of China had relatively moderate levels of PM1 and PM2.5.  210 
 211 
3.2. Temporal trends of PM concentrations 212 
Monthly average concentrations of PM1 and PM2.5 are summarised in Figure 2. The lowest 213 
levels of PM occurred in August (summer), with concentrations of 24.6 µg/m3 and 31.9 214 
µg/m3 for PM1 and PM2.5, respectively, while the highest, in January (winter), with 73.3 215 
µg/m3 and 83.9 µg/m3 for PM1 and PM2.5, respectively. PM concentrations were the highest 216 
in Northern China including provinces on the North China Plain (NCP), for example, Beijing, 217 
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Hebei and Shanxi, while the lowest in South-Western China including Sichuan, Yunnan and 218 
Guizhou (Figure 2). Across all regions, a marked increase in PM concentrations was 219 
observed in winter, but this was most pronounced in Northern and North-Eastern China. 220 
 221 
3.3. Ratio of PM1 to PM2.5  222 
The PM1/PM2.5 ratios for each province and for each season are presented in Figure 3. Across 223 
China, the PM1/PM2.5 ratios were the highest in winter (0.86) and lowest in spring (0.77). 224 
Among 96 monitoring stations, high PM1/PM2.5 ratios (>0.9) were observed in provinces and 225 
municipalities in South-Eastern and Central China, including the provinces of Anhui, Hunan, 226 
Sichuan, Chongqing and Shanghai, while lower PM1/PM2.5 ratios (<0.7) were observed in 227 
remote areas of Western and Northern China including Ningxia, Inner Mongolia, Gansu and 228 
Tibet Provinces. From winter to spring, greater decreases in PM1/PM2.5 ratios occurred in 229 
Northern and Central China than those in Southern and Eastern China. Variations in seasonal 230 
values of the PM1/PM2.5 ratios are clearly seen in North-Western and Northern China, with a 231 
substantial decrease from winter to spring, and for other regions, PM1/PM2.5 ratios showed 232 
more modest changes and ratios remained relatively high.  233 
 234 
The PM1/PM2.5 ratios in each province at different pollution levels are shown in Figure 4. 235 
PM1/PM2.5 ratios across China increased with pollution level, with the highest PM1/PM2.5 236 
ratio (0.88) on heavily polluted days while the lowest on clean days (0.75). Substantial 237 
increase in PM1/PM2.5 ratio with pollution level were observed in remote areas of Western 238 
and Northern China (e.g., Xinjiang and Inner Mongolia), while modest changes were present 239 
in Central and South-Eastern China (e.g., Anhui and Heilongjiang). 240 
 241 
3.4. Associations of PM1 with meteorological parameters 242 
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The changes in PM1 associated with meteorological factors are shown in Figure 5 modelled 243 
by GAMs. PM1 levels declined at a relatively steady rate with the increase of temperature. It 244 
showed increasing trends of PM1 levels as the relative humidity and atmospheric pressure 245 
went up, however they reached the peak when the relative humidity reached about 70% and 246 
declined from that point forward. With higher wind speed and longer hours of sunshine, PM1 247 
levels dropped at fluctuated rates. 248 
 249 
4. Discussion 250 
 251 
In this study, we showed that PM1 and PM2.5 concentrations were relatively lower in remote 252 
North-Western and South-Western areas of China, while they were substantially higher in 253 
Central-Southern, Central-Northern and North-Eastern parts of the country. During the study 254 
period, the lowest level of PM1 and PM2.5 concentrations were recorded in summer and the 255 
highest in winter. The analysis of the PM1/PM2.5 ratios showed that PM1 constitutes 256 
approximately 80% of PM2.5 across China. PM1/PM2.5 ratios substantially increased in winter 257 
and on heavily polluted days. 258 
 259 
The geographical distribution of PM1 concentrations found in our study is similar to that 260 
reported by Wang et al. (2015) who investigated monitoring data from 24 stations across 261 
China for the period from 2006 to 2014. That study also reported that high concentrations 262 
were observed in North China Plain, Guanzhong Plain and North-Eastern China, while lower 263 
concentrations, in remote areas in Western and North-Western China. The relatively high 264 
concentrations of PM in China are attributed to both rapid economic growth and natural 265 
factors (Xu et al., 2013). For instance, Shijiazhuang city with the highest PM1 and PM2.5 266 
concentrations in this study, is located on the North China Plain. It is one of the most densely 267 
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populated regions in the world,  developing at a very fast rate, and extensive amounts of 268 
pollutants are emitted into the air (Tao et al., 2012b). In terms of Chengdu City, high levels of 269 
pollution are also associated with the local topography and meteorology: the city  is located 270 
in wet and foggy basin with low wind speeds (Li et al., 2015). 271 
 272 
Our results of PM1/PM2.5 ratios are consistent with and extend those of previous studies in 273 
China: Wang et al. (2015) reported PM1/PM2.5 ratios higher than 80% for most of the 24 sites 274 
investigated, and Li et al. (2016) showed that the average PM1/PM2.5 ratio for Beijing was 275 
90%. However, compared to the PM1/PM2.5 ratios reported by a small number of studies 276 
conducted in other countries, the ratios in China are higher. A study conducted in urban areas 277 
of Milan reported the PM1/PM2.5 ratios between 60% and 70% (Vecchi et al., 2004), while 278 
studies conducted in Durg, India and Athens, Greece showed that the ratios were 48% and 279 
from 55% to 75%, respectively (Deshmukh et al., 2011; Koulouri et al., 2008). High 280 
PM1/PM2.5 ratios suggest that PM2.5 levels are driven by combustion and secondary particle 281 
formation sources, rather than mechanical processes (Cabada et al., 2004; Vallius et al., 282 
2000a). The proportion of PM1 in PM2.5 is reduced when PM2.5 is also affected by sources or 283 
processes generating larger particles, which do not contribute to PM1. According to source 284 
appointment studies in Xi’an and Guangzhou, China (Huang et al., 2014; Shen et al., 2010; 285 
Tao et al., 2012a), the main source of PM1 is combustion related source, including fossil fuel, 286 
coal and biomass combustion, which made much more contribution PM1 to than PM2.5 287 
(Figure S1 in the Supplementary Material). This was also reported by study in other country. 288 
For example, a study in the Salento peninsula of Italy reported the contribution of biomass 289 
burning (combustion) and  secondary marine sources was shown to be 80% in PM1, which 290 
was 2.5 times larger than that in PM2.5, while the contribution of ammonium sulphate to PM1 291 
was approximately 60% smaller than for PM2.5 (Perrone et al., 2013).  292 
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Previous studies reported secondary aerosol and combustion emission are the main sources of 293 
PM1 in some local regions of China (Shen et al., 2010; Tao et al., 2012a; Ye et al., 2017). 294 
China is the largest energy consumer in the world. Thus, the high PM1/PM2.5 ratios in China 295 
are likely due to the large energy demand in China, different forms of which are derived from 296 
different combustion processes, such as coal and biomass fuels.  297 
 298 
The spatial differences in PM1/PM2.5 ratios between relatively high-ratio areas (e.g., Eastern 299 
China) and low-ratio areas (e.g., North-Western China) could be explained by the density of 300 
population and industry. Compared with North-Western China, the coastal areas in the east 301 
are much more densely populated, which is associated with higher concentration of industry, 302 
traffic and high consumption of fossil fuel (population density across provinces in China is 303 
shown in Figure S2 in the Supplementary Material). The relatively low PM1/PM2.5 ratio in 304 
North-Western China could be explained by high dust emissions in this region, revealed by 305 
previous source apportionment study (Shi et al., 2017). The reason why PM1/PM2.5 ratios are 306 
lower in the North-Western and Northern China during warmer months than in winter is 307 
likely to be due to two factors. On one hand, the absence of snow and ice cover facilitates 308 
resuspension of particles from the ground of dry and exposed soil (Vallius et al., 2000b); on 309 
the other hand, there is much lower demand of energy (for heating) in these regions during 310 
warm seasons. Similar to previous study, we found regional difference in associations 311 
between PM1 and meteorological factors (Zhang et al., 2015). For example, more variation in 312 
PM1 associated with changes in relative humidity and wind speed were observed in Northern 313 
China than other regions (Figures S3-S8 in the Supplementary Material). 314 
 315 
There is increasing interest in understanding the health effect due to exposure to PM1, but 316 
only a handful of studies have been conducted in China, especially at the national scale, or 317 
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elsewhere in the world. Compared to the previously reported studies on PM1 in China, we 318 
collected hourly PM1 and PM2.5 monitoring data and daily meteorological data from 96 319 
stations covering almost all the provinces in the country. Also, we used advanced models to 320 
analyse the relationships between PM1 and meteorological factors. So far, little quantitative 321 
data on PM1 has been available, as it has not been routinely monitored in China, while routine 322 
monitoring of PM2.5 has been carried out in major cities of China since 2013. Considering the 323 
high PM1/PM2.5 ratios in China, the results of health studies previously reported adverse 324 
associations with PM2.5 may also be given additional context if PM1 constitutes the vast 325 
majority of PM2.5. However, it should be noted that only 96 PM1 ground monitoring stations 326 
were included in our study and sparse data were available especially for Western and 327 
Northern China (e.g., Xinjiang, Tibet and Inner Mongolia). 328 
 329 
5. Conclusions 330 
 331 
China is experiencing severe PM1 and PM2.5 air pollution with high PM1/PM2.5 ratios. 332 
Particularly, higher PM1/PM2.5 ratios were present in region with large energy consumption 333 
(e.g., North China Plain and North-Eastern China) than other regions. Variations of 334 
PM1/PM2.5 ratios were observed in different seasons and at different pollution levels. As 335 
ground monitoring data of  PM1 are sparse in China and even in the world, other techniques, 336 
including satellite remote sensing and novel statistical models, could be used to predicted 337 
ground-level PM1 concentration (Chen et al., 2017a). The adverse health effects of PM1 have 338 
seldom been investigated. As smaller particles like PM1 might be more toxic than PM2.5, 339 
more studies should focus on the effects of exposure to PM1 on varied health outcomes in the 340 
future.   341 
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Figure 1. Locations of monitoring stations and spatial distribution of the average concentrations (µg/m3) of PM1 and PM2.5 during study period 
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Figure 2. Monthly average concentrations of PM1 and PM2.5 in 6 regions of China. Note: the whole bar stands for levels of PM2.5 and its blue part 
stands for levels of PM1
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Figure 3. The ratio of PM1 to PM2.5 in each province of China in different seasons. Note: Provinces with no monitoring data were marked blank in 
the map. 
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Figure 4. The ratio of PM1 to PM2.5 in each province of China by different pollution levels. Note: Provinces with no monitoring data were marked 
blank in the map. Note: PM1 air pollution was divided into four levels (clean, lightly polluted, moderately polluted and heavily polluted) 
according to the quartiles of daily concentration of PM1 of each station during the study period.
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Figure 5. Changes of PM1 concentrations associated with meteorological factors. Note: 
The dotted lines refer to 95% confidence intervals 
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• Across China, the PM1/PM2.5 ratios ranged from 0.75 in August to 0.88 in January 
• High PM1/PM2.5 ratios (>0.9) were observed in North-Eastern and Central China 
• Low PM1/PM2.5 ratios (<0.7) were present Western China and Inner Mongolia 
• Overall, PM1/PM2.5 ratios in China are higher than those elsewhere in the world 
 
